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Toward Direct Mapping of Neuronal Activity:
MRI Detection of Ultraweak, Transient

Magnetic Field Changes

Jerzy Bodurka' and Peter A. Bandettini'?

A novel method based on selective detection of rapidly chang-
ing AB, magnetic fields and suppression of slowly changing
AB, fields is presented. The ultimate goal of this work is to
present a method that may allow detection of transient and
subtle changes in B, in cortical tissue associated with electrical
currents produced by neuronal activity. The method involves
the detection of NMR phase changes that occur during a single-
shot spin-echo (SE) echo-planar sequence (EPI) echo time. SE
EPI effectively rephases all changes in B, that occur on a time
scale longer than the echo time (TE) and amplifies all AB,
changes that occur during TE/2. The method was tested on a
phantom that contains wires in which current can be modu-
lated. The sensitivity and flexibility of the technique was dem-
onstrated by modulation of the temporal position and duration
of the stimuli-evoked transient magnetic field relative to the
180 RF pulse in the imaging sequence —requiring precise stim-
ulus timing. Currently, with this method magnetic field changes
as small as 2 x 107'° T (200 pT) and lasting for 40 msec can be
detected. Implications for direct mapping of brain neuronal
activity with MRI are discussed. Magn Reson Med 47:
1052-1058, 2002. Published 2002 Wiley-Liss, Inc.t

Key words: magnetic field; magnetic phase; neuronal activity;
MRI; brain mapping

In recent years there have been rapid advances in methods
to map human brain activity. One of the most recently
developed techniques, functional MRI (fMRI), is based on
the sensitivity of MRI to oxygenation, flow, and perfusion
changes concomitant with an increase in brain activation.
The spatial and temporal resolutions of this technique are
limited by cerebral neuronal-hemodynamic coupling pre-
cision, rather than physical limitations of the imaging
methodology. Spatial resolutions on the order of 1 mm and
temporal resolutions on the order of 1 sec have been
achieved (1-5). Magnetoencephalography (MEG) and elec-
troencephalography (EEG) allow measurement of brain
electric activity with a temporal resolution on the order of
milliseconds but lower spatial resolution (6—8). A signif-
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icant effort has been made to combine information from
these different modalities in order to obtain high spatial
and temporal resolution maps of brain activation (9,10).
An ultimate goal is the direct mapping of these dipole
sources. In the study presented, we introduce and outline
the feasibility of an MRI-based method to directly detect
and map transient magnetic field changes corresponding
to synchronous neuronal firing.

The well-understood sensitivity of MRI to magnetic field
variations was first utilized about a decade ago to map
electric current density in homogenous and heterogeneous
media (11,12). The effects of externally applied small
(~2 mA) electric current pulses has been shown to be
detectable in the human body (13). The challenge of de-
tecting neuronal currents resulting from brain activity is
much more difficult, since these currents are approxi-
mately three orders of magnitude smaller, much more
transient, and perhaps localized to a smaller region in
space, than what has been detected previously using MRI.
These ionic currents induce subtle and transient magnetic
flux density (AB) changes, depending on their temporal
and spatial coherence. The parallel to B, component of
these fields (AB,) alters the magnetic phase of surrounding
water protons and thus influences the phase and/or mag-
nitude of the MRI signal—depending on the size and ge-
ometry of the synchronous current sources.

Evoked or spontaneous magnetic fields (EMF or SMF)
measured on the scalp (measurement distance rypg ~2—
4 cm away from the current source) by MEG are on the
order of a AB ~ 10 (spontaneous) to 10™*® (evoked) Tesla
(6—8). These fields primarily result from a synchronized
activity of postsynaptic currents in a large number of the
pyramidal neurons of the cortex (14). Details about neuro-
nal currents spatial scales are not well known. It is as-
sumed that at least 50,000 or more cortical neurons that
occupy an area of a few mm?® must coherently act to pro-
duce magnetic fields detectable by MEG (7,8). This spatial
scale is approximately that of a typical MRI voxel. The
dynamic characteristics of the induced EMF and subse-
quently measured MEG signal have been well character-
ized (7,8,15,16). Relative to the stimulus onset, after a
delay of about a few dozen ms a train of positive and/or
negative peaks of magnetic field changes is detected. The
magnetic field peak values and durations depend on stim-
uli type. For visual/auditory stimulations, typical AB peak
values are on the order of ~10™"® T. The typical temporal
width of the AB peak is on the order of 100 msec. In the
brain, at the current source (with measurements distance
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order of ryz; =~ 1-2 mm) the peak value of the AB (approx-
imately scaled as (rype/Tvr)® =~ 10° (17)) should be sig-
nificantly larger. Calculations suggest that current sources
causing these EMFs, assuming an approximate MRI scale
of 1-2 mm, could create local peak AB changes on the
order of 107 to 10™'° T lasting for less than 100 msec (8,17).

The primary motivations of this study were to 1) dem-
onstrate a new MRI-based methodology for detection of
weak and transient changes in magnetic field, AB,(t); and
2) determine if the physiologically relevant transient fields
on the order of 10™° T and lasting for a few dozen msec are
detectable by MRL

We designed and tested a method based on a simple
single-shot spin-echo (SE) echo-planar sequence (EPI) to
selectively detect transient (<50 ms) changes in AB,, and to
suppress slow (>50 ms) changes in AB,. The sensitivity of
SE to transient magnetic field changes is based on the
temporal placement of the 180° refocusing pulse. All
AB,(t) that change at a slower time than the echo time (i.e.,
changes in B, related to respiration) are refocused, but B,
changes that happen during the time between the excita-
tion and 180 pulse or the 180 pulse and the readout are not
refocused and appear as phase shifts (18). Additionally, of
course, temporal averaging of time-locked stimuli im-
proves sensitivity. Therefore, a stable and precise synchro-
nization between the MRI scanner and the stimulus deliv-
ery system is needed.

To demonstrate this method we created a weak and
transient spatially distributed magnetic field in the vicin-
ity of a wire placed in a water-filled container (19). Re-
cently, with this phantom an electric current-induced field
change as small as AB; = 2nT at echo time 27 ms was
detected (19). In that study, a single-shot GE EPI sequence
was used (TR/TE = 54/27 ms). The electric current was
continuously provided to the phantom with 5-sec ON and
5-sec OFF periods. In this study, with the new methodol-
ogy based on SE EPI with more precisely synchronized
stimuli we demonstrate the detection of transient 40-ms
duration current-induced field changes as small as 200 pT.
The key point that will be demonstrated is that the SE
sequences are no more sensitive to B, shifts that occur
within 30 ms than GE sequences are, but that the SE
sequences are much less sensitive than GE sequences to
B, shifts that happen on a slower time scale (such as
BOLD-related, respiration-related, and movement-related
changes), therefore enhancing the detectability of small
and transient field changes.

MATERIALS AND METHODS
MRI Scanner

All experiments were performed on a 3 T General Electric
(Milwaukee, WI) Horizon VH/i scanner. The scanner is
equipped with whole body gradient providing 40 mT/m
gradient amplitude and slew rate of 150 T/m/s. A symmet-
ric, circular birdcage geometry RF coil (IGC Medical Ad-
vances, Milwaukee, WI) optimized for brain imaging was
used.

Pulse Sequences

For rapid image localization and slice selection, a gradient
echo at steady-state (SPGR) sequence was used. Properly
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FIG. 1. Timing used in experiments. Periodic “respiration-like” mag-
netic field ABg(t) was always present in both spin-echo (SE) and
gradient echo (GE) EPI. An additional rectangular (or evoked) ABg(t)
transient field was only present for each TR within the ON period.

spoiled (20) single-shot and full k-space gradient echo
(GE), and spin echo (SE) echo-planar imaging (EPI) se-
quences were used for time series collection. The experi-
mental parameters for GE and SE EPI were: image matrix =
64 X 64, FOV = 16 cm, TR = 1 sec, TE = 30 for GE, and
60 or 90 ms for SE, bandwidth +62.5 kHz, flip angle = 90°,
and slice thickness = 6 mm.

Phantom

The phantom used in measurements was described previ-
ously (19). It is composed of a glass container filled with
water with a plastic frame holding two copper wires (ra-
dius = 30 wm) through which electric current can flow.
The 10k resistor was connected in the series. Two pulse
generators were used to provide a sinusoidal (Ug) and
constant electric (Ug) voltage.

Stimulus-Scanner Synchronization

To provide the ability for stimulus generation (an electric
current pulse) with controlled onset position and duration
relative to a single image acquisition within the time se-
ries, a precisely synchronized stimulus delivery system
was developed. The synchronization between the stimulus
computer and an MRI scanner during measurement time
was achieved by continuously counting triggering pulses
incorporated within a pulse sequence and generated by the
scanner hardware. As an example, assume that for a single-
shot EPI acquisition, one trigger pulse per image located
just prior to slice selection, is obtained. For p slices we
have N = p pulses per TR. Therefore, within a time series
lasting for t = m X TR we have N = m X p trigger pulses.
The stimulus computer can generate current with con-
trolled delay duration and amplitude relative to the trigger
pulse number K (where K = 1 ... N). For example, it was
possible to match the onset position duration and magni-
tude of the rectangular electric current pulse to be located
just after slice selection gradient (GE) and before 180 RF
pulse (SE) in EPI (see Fig. 1). This type of stimulus is also
roughly of the same dynamics as an evoked potential—
essential for this simulated experiment.
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Experimental Protocols

Two block design protocols were used. The first protocol
consisted of three 20-sec OFF/ON epochs (120 images).
Low-frequency—*“respiration-like”—sinusoidal voltage
changes (vg = 0.28 Hz and Ug = 1V or I = 100 pA) were
always present, resulting in ABg(t) of 20 nT atr = 1 mm
from wire. This was used to simulate AB, changes due to
respiration—the major obstacle in detecting small mag-
netic field shifts. During the ON period for each TR the
additional rectangular “transient” voltage pulse (Ug =
1.5V or 0.2V) with a duration of 20 ms was generated,
resulting in ABg(t) of 30 nT and 4 nT, respectively, at r =
1 mm from wire. This “transient” voltage was used to
simulate activation-induced current changes. The second
protocol consisted of 160 repetitions of a 3-sec OFF/ON
epoch (total number of images 480). In this protocol, there
were no periodic ABg(t). Similar to the first protocol during
the rectangular transient voltage pulse (U = 0.1V or 10 pA)
with a duration of 40 ms was generated (resulting in
ABg(t): 2 nT atr = 1 mm from wire) during the ON period.
The rectangular voltage pulse position in both protocols
relative to the SE and GE EPI sequence is schematically
shown in Fig. 1.

Data Handling

The raw datasets in k-space were processed using a two-
line phase reference reconstruction algorithm (21) to pro-
duce amplitude and phase images. The two reference lines
were embedded into each readout window by creating one
oscillation of the gradients with the y gradient “blips” off.
In this manner, a unique phase reference was used for each
image. This type of reconstruction is not thought to be
essential for enhanced phase shift detection sensitivity.
The resulting dataset consisted of N phase and amplitude
images acquired from the coronal slice at equally spaced
time intervals. Software for analysis, manipulation, and
visualization of images included AFNI (22) and the
SCILAB scientific software package (23). In every time
series, the first 10 images were neglected as the MRI signal
reached steady state. For each voxel the magnitude tem-
poral signal-to-noise ratio (TSNR,,) was calculated.
TSNR,, was defined as the ratio of the average image
calculated over the time course divided by the correspond-
ing standard deviation image. TSNR,, is the measurement
of temporal stability and its reciprocal value determines
the standard deviation (SD) of the phase noise (12,24).

RESULTS

Two experiments were conducted: 1) GE vs. SE compari-
son when respiration-like (sinusoidal) ABg(t) and transient
(rectangular) ABg(t) were simultaneously present; and 2) a
test for detection limit for the transient or “evoked” ABg(t)
field.

Results from the first experiment are summarized in
Figs. 2 and 3. The bottom trace of each figure is the FFT of
the phase time course from a selected pixel (white square).
The upper part is the “spectral density image” at the ON/
OFF switching frequency. We formed this image by choos-
ing the switching ON/OFF (rectangular, marked by R, v =
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1/40 sec = 0.025 Hz) and sinusoidal (respiration-like,
marked by S, v = 0.28 Hz) frequency as a reference. The
ON/OFF frequency was intentionally set at a low value
similar to typical fMRI block designs. It was also our intent
to demonstrate SE sensitivity to transient changes within
these blocked runs and not to slowly changing signal
drifts. First, we examined the effect of the low frequency
and periodic field shifts of GE and SE data (Fig. 2). The
presence of respiration-like modulation in time courses is
clearly evident (S peak at 0.28 Hz). However, as expected,
SE sequence compared to the GE sequence significantly
reduces respiration-like phase modulation effects (Fig.
2a,b, respectively) (18). For pixels far away from the wire
where the current-induced gradient is negligible, the res-
piration-like phase modulation is virtually removed (Fig.
2b, bottom trace). For the pixels within wire proximity
(wire position marked by white arrow) the effect of the
global field shift is reduced, however, with the effect of the
current-induced gradient remaining (18).

Figure 3a,b shows GE data for Uy, = 1.5V and 0.2V,
respectively. Corresponding data for SE are shown in Fig.
3c,d, respectively. Transient magnetic field changes in-
duced by a rectangular current pulse with amplitude
150 pA (corresponding to a field change of AB; = 30 nT at
the distance 1 mm from the wire) are visible both in GE
and SE data (Fig. 3a,c, R peak at 0.025 Hz). Direct compar-
ison of Fig. 3a and c shows that the SE sequence is more
sensitive. If the transient voltage is reduced to 0.2V (field
= 4 nT, 1 mm from wire), the GE sequence is clearly less
sensitive (Fig. 3b) than the SE sequence (Fig. 3d) in its
detection.

Results from the second experiment are summarized in
Fig. 4. This figure shows the spectral image at the ON/OFF
frequency (marked by filled rectangle = 1/6 Hz). White
arrows indicate wire positions. The plots show the FFT
spectrum of the NMR phase time course from two pixels.
The upper plot is from a voxel containing the wire indi-
cated by the left arrow. TSNR,, for this voxel was 45. The
bottom plot shows the FFT spectrum from a selected voxel
12.5 mm from the left wire (indicated by a rectangle).
TSNR,, for this voxel was 91. It is evident that the electric
current pulse with I = 10 wA and 40 ms duration-induced
phase shifts are clearly detectable. Because of the larger
distance between the right wire and the selected voxel, the
contribution to the current-induced field shift ABy in the
voxel due to the right wire is negligible. Within the voxel,
which contains wire, the current-induced field shift is ABg
= 2 nT. The field shift in the selected voxel at the distance
of x = 12.5 mm from the left wire is calculated to be ABg
= 0.2 nT = 200 pT (ABg(x,z = 0) is proportional to 1/x
because ABy, = w/(4m) 21 x/(x* + z?) (19)). Such field shift
produced a well-resolved peak at the ON/OFF frequency
(0.17 Hz).

DISCUSSION

In this work we introduce and demonstrate the feasibility
of a new approach for MRI-based detection of ultraweak
and transient magnetic field changes. The ultimate goal is
the noninvasive mapping of resting and/or activation-in-
duced neuronal activity. The key challenges are limited
sensitivity, artifacts from respiration and other physiologic
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SE: I5=100pA, Iz=150uA
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FIG. 2. Comparison of GE (a) and SE (b) sensitivity for a low-frequency (0.28 Hz) “respiration-like” (sinusoidal) electric current-induced field
shift ABg(t) (Ug = 1V or Ig = 100 pA, resulting in ABg = 20 nT at 1 mm from wire). Upper panels are the phase spectral density images
formed at the electric current frequency 0.28 Hz. Bottom traces are FFTs of a magnetic phase time course from the selected pixel (white
square). Both spectra have the same scale. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.

com.]

processes that can be several orders of magnitude greater
than activation-induced changes, and the uncertainty re-
garding the magnitude and spatial/temporal heterogeneity
of the current-induced changes. Lastly, depending on the
precise geometry of the synchronously firing neurons, the
neuronal current activity may be reflected as phase and/or
magnitude changes.

If the neuron bundles are large (>100 pm) and similarly
oriented, then a phase shift accompanied by a much
smaller magnitude change (change in the phase disper-
sion) will be induced. If the bundles are more randomly
distributed, then the phases will destructively add, caus-
ing minimal phase changes and greater magnitude (phase
dispersion) changes. Interestingly, in this case an increase
in neuronal activity would cause an increase in the AB,-
related phase dispersion, leading to a decrease in the mag-
nitude signal during activation. Perhaps this is an alterna-
tive explanation for the “pre-undershoot” signal in BOLD
contrast. In general, biocurrent patterns can be very com-
plex due to complicated brain geometry and organization,
spatial, and temporal summation of different neurons pop-
ulations involved in task, and complicated regulation
mechanisms (25-27). Despite all of the possible complica-

tions, MEG can detect macroscopic fields on the scalp and
attribute their temporal and magnitude properties to dif-
ferent aspects of cognitive tasks and/or clinical disorders
(7-10,15,16). From a normal, awake brain the largest (mea-
sured by MEG) magnetic field intensity order of 10™*? T is
due to spontaneous pseudoperiodic alpha (=10 Hz) wave
activity (6,7,27). Evoked fields on the scalp due to sensory
stimulations are weaker than this spontaneous activity by
an order of magnitude. Their temporal pattern could be
quite complicated and also irregular, showing substantial
heterogeneity in relative latency and magnitude over the
cortex. Within the brain a simple evaluation of the magni-
tude of spontaneous and evoked magnetic fields at the
distance, on the order of the MRI spatial scale (single voxel
size) from their current source, is in the range of 10 to
10™"° T (8,17). Based on data presented here, such small
field changes are in the detection range of MRI. In order to
detect the small magnetic phase change, SNR,, of a voxel
has to be sufficiently large. The SD of the phase noise o, is
given as ¢, = 1/SNRy; (12,24). Therefore, in order to
reduce phase SD (Ao,,) over the time course, the magnitude
temporal stability (TSNR,,) from the given voxel should be
as high as possible. TSNRy, equal to 100 results in Ao, =
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GE, Iz=150uA or 30 nT at Imm from wire GE, Iz=20pA or 4 nT at lmm from wire
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FIG. 3. Comparison of GE (a,b) and SE (c,d) EPI sensitivity for detection of the “evoked” ABg(t) field. Upper panels in a,b,c, and d: the
spectral images formed at 0.025 Hz (the rectangular current ON/OFF switching frequency). All spectral images are in the same scale.
Bottom traces in a,b,c, and d are FFTs of a magnetic phase time course from the selected pixel (white square). All spectra are in the same
scale. GE EPI data. a: The spectral image and FFT of the selected magnetic phase time course for the 150 wA and 20 ms duration
rectangular current pulse (magnetic field of 30 nT at the distance 1 mm from the wire). R and S labels peak at the pulse ON/OFF switching
and sinusoidal frequencies, respectively. b: The spectral image and FFT of selected pixel magnetic phase course for Uz = 0.2V and 20 ms
duration (resulting in ABg = 4 nT, 1 mm from wire). SE EPI data. c: The spectral image and FFT correspond to a. d: The spectral image
and FFT correspond to b. GE, gradient echo, SE, spin echo, R peak at 1/40 sec = 0.025 Hz, S peak at 0.28 Hz. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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FIG. 4. Test for detection limit for rectangu-
lar and transient magnetic field ABg(t). The
upper panel shows the spectral image at the
ON/OFF frequency (1/6 Hz and marked by a
filled rectangle). The white arrows indicate
wire positions. The middle panel shows FFT
of the magnetic phase time course from a
voxel containing the wire indicated by the
left arrow. The bottom framed plot shows
the FFT spectrum from a voxel 12.5 mm
from the left wire (indicated by a rectangle).
Within the voxel, which contains wire, the
current-induced field shift is ABg = 2 nT.
The field shift in the selected voxel at the

=10 pA, A=40ms
X=0

distance of x = 12.5 mm from the left wire is
calculated to be ABg = 0.2 nT = 200 pT.
Such a field shift produced a well-resolved
peak at the ON/OFF frequency (0.17 Hz).
[Color figure can be viewed in the online
issue, which is available at www.interscience.
wiley.com.]

X=12.5 mm

0.01 radians, which at echo time TE = 60 ms corresponds
to ABy(t) = 0.6 nT. Second, the precise and consistent
timing between imaging sequence and the stimulus hard-
ware is important. A challenge to this is, of course, that
while consistency in the stimulus timing is maintained,
the variation and jitter of the cortical activation is perhaps
more dispersed. The phase shift measured in our method
is an integral value of the AB,(t) over a period of time.
Therefore, the temporal position of the 180 RF pulse rela-
tive to the AB,(t) waveform is critical. If, for example, the
evoked field is unipolar and lasts only a few dozen msec,
then it should always be present immediately before, or
immediately after, the 180 RF pulse. In this case, from
shot-to-shot a coherent phase shift induced by this field
will build up and simultaneously low-frequency un-
wanted field drift (like respiration) will be reduced. If
these changes occur during the entire echo time or at an
even distribution of times within a voxel, the effect may
not be visible with this technique. These issues will cer-
tainly be explored in future work.

CONCLUSION

Transient magnetic flux density changes as small as
200 pT and lasting for 40 ms can be detected using MRI.
The implications of this sensitivity are potentially signif-
icant, since approximations of field changes induced in
cortex during brain activation are at this order of magni-
tude. While many methodological issues remain to be

resolved, this work clearly indicates the potential for MRI
to be used to detect and map neuronal activity directly.
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